Gene silencing is a significant obstacle to genome engineering and has been proposed to be a non-self response against foreign DNA 1,2,3,4 . Yet, some foreign genes remain expressed for many generations 1,3,4 and some native genes remain silenced for many generations 1,5,6 . How organisms determine whether a sequence is expressed or silenced is unclear. Here we show that a stably expressed foreign DNA sequence in C. elegans is converted into a stably silenced sequence when males with the foreign DNA mate with wild-type hermaphrodites. This conversion does not occur when the hermaphrodite also has exonic sequences from the foreign DNA. Once initiated, silencing persists for many generations independent of mating and is associated with a DNA-independent signal that can silence other homologous loci in every generation. This mating-induced silencing resembles piRNA- generations. Thus, our results reveal the existence of a mechanism that maintains gene silencing initiated upon ancestral mating. By allowing retention of potentially detrimental sequences acquired through mating, this mechanism could create a reservoir of sequences that contribute to novelty when activated during evolution.
If maintenance of silencing for many generations relies on an active process, then loss of genes required for such silencing could result in the recovery of gene expression. Full recovery of gene expression was observed when hrde-1 was eliminated even after >150 generations (Fig. 4c, d ).
Silencing persisted in the absence of every other gene (nrde-3, rde-1, rrf-1, sid-1, and prg-1) that was tested 154 to 165 generations after initiation of mating-induced silencing. Crucially, a subsequent retest of loss of hrde-1 171 generations after initiation also resulted in full recovery of gene expression (Fig.   4c , d, Extended Data Fig. 9 , also see Genetic Inferences in Methods). Current understanding of silencing by HRDE-1 suggests that nascent transcripts are recoginized by antisense small RNAs bound to HRDE-1, resulting in the recruitment of histone modifying enzymes that generate H3K9me3 at the locus 5 . The recovery of expression upon loss of HRDE-1 suggests that none of these events that depend on this Argonaute are transgenerationally stable, but rather silencing is actively established in every generation.
Modern genome engineering enables the precise introduction of any sequence into any genome. This study reveals that the fate of such sequences can change during genetic crosses. In progeny of males with a transgene and hermaphrodites without, piRNA-mediated transgenerational silencing is triggered (also see Supplemental Discussion). At genomic loci where this phenomenon can occur, mating of ancestors hundreds of generations ago could have triggered gene silencing that continues to be maintained.
Methods Summary
All C. elegans strains were generated and maintained by using standard methods 15 a, Males that express the active transgene (Ta) were mated with non-transgenic (+/+) or hemizygous (Ta/+) hermaphrodites, and fluorescence was scored (top, mCherry -magenta, bright; pink, dim; grey, no, and bottom, GFP -blue, bright; cyan, dim; grey, no) in hemizygous cross progeny that inherited Ta through the sperm. Schematic depicts outcome of the test cross: maternally present active transgene (Ta, magenta and blue) prevents silencing of Ta that is inherited through the sperm (cloud shape) suggesting that the oocyte (circle) carries a DNA-independent protective signal (magenta/blue fill). s . CC-BY-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/148700 doi: bioRxiv preprint first posted online Jun. 11, 2017; non-transgenic control (+/+) or hemizygous Pmex-5::mCherry::cye-1 3' utr (T∆∆∆/+) hermaphrodites, and fluorescence from paternal mCherry and gfp was scored in cross progeny that inherited Ta through the sperm. f, Model depicting maternal expression of T∆∆∆ (magenta) is sufficient to prevent silencing of both mCherry and gfp from paternal Ta in cross progeny. Number of L4-staged or gravid adult animals scored are indicated (n) for each cross. Brackets indicate relevant comparisons and asterisks indicate P < 0.01 (χ 2 test in a, c, d, e). Orange font represent chromosomes with a recessive marker (see Methods).
. CC-BY-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/148700 doi: bioRxiv preprint first posted online Jun. 11, 2017; Fluorescence from mCherry and GFP was scored in cross progeny for all tested mutants: sid-1(-), rde-
1(-), rrf-1(-), nrde-3(-), hrde-1(-) and prg-1(-).
Wild-type crosses shown here are the same as in Fig. 2a and Extended Data Fig. 3a . An additional wild-type cross with a different visible marker (mCherry: bright = 5, dim = 6, no = 25 and GFP: bright = 7, dim = 12, no = 17) was performed for comparison with sid-1(-) and rde-1(-) crosses on the right. b, Homozygous F2 progeny obtained after initiation of matinginduced silencing were propagated by selfing for 23 generations. mCherry fluorescence intensity was measured in animals (boxes) at F1, F2, F10 and F25 generations. Presence of the transgene was .
CC-BY-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/148700 doi: bioRxiv preprint first posted online Jun. 11, 2017;
SUPPLEMENTARY MATERIAL

Materials and Methods
Strains used
N2
wild type AMJ501 oxSi487 (Pmex-5::mCherry::h2b::tbb-2 3'utr::gpd-2 operon::gfp::h2b::cye-1 3' utr + unc- 
on a slide after paralyzing the worm using 3 mM levamisole (Sigma-Aldrich, Cat# 196142), imaged under non-saturating conditions (Nikon AZ100 microscope and Photometrics Cool SNAP HQ 2 camera), and binned into three groups -bright, dim and not detectable. A C-HGFI Intensilight Hg Illuminator was used to excite GFP or Dendra2 (filter cube: 450 to 490 nm excitation, 495 dichroic, and 500 to 550 nm emission) or mCherry or RFP (filter cube: 530 to 560 nm excitation, 570 dichroic, and 590 to 650 nm emission). Sections of the gonad that are not obscured by autofluorescence from the intestine were examined to classify GFP and mCherry fluorescence from oxSi487. Autofluorescence was appreciable when imaging GFP but not when imaging mCherry. For Fig. 1b, 1e , 4b, and Extended Data Fig. 4 , fluorescence intensity within the germline 24 h after the L4 stage was scored by eye at fixed magnification and zoom using the Olympus MVX10 fluorescent microscope without imaging.
To quantitatively measure fluorescence of mCherry from T ( Fig. 1d ) and fluorescence from other transgenes (Fig. 3c) , regions of interest (ROI) were marked using either NIS elements or ImageJ (NIH) and the intensity was measured. Background was subtracted from the measured intensity for each image. For Fig. 1d All images being compared were adjusted identically using Adobe Photoshop for display.
Genetic crosses. Three L4 hermaphrodites and 7-13 males were placed on the same plate and allowed to mate for each cross plates. Cross progeny were analyzed three to five days after the cross plate was set up. At least two independent matings were set up for each cross. For crosses in Fig. 1 and in Extended Data Fig. 4 , the required genotypes were determined by PCR (primers P1, P2, and P3) after scoring all animals and only the data from animals with the correct genotypes were plotted. In Fig. 2a , 2c-e, 3, 4,and Extended Data Fig. 3 , 5, 6, 8, and 9, dpy-2(e8) (3 cM from oxSi487) or dpy-10(-) (7 cM from oxSi487) was used as a linked marker to determine the homozygosity of T and dpy-2(e8)
.
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The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/148700 doi: bioRxiv preprint first posted online Jun. 11, 2017; unc-4(e120) or dpy-10(-) was used as a balancer to determine the hemizygosity of T, T∆, and T∆∆. In Fig. 2d and 4a right (control for sid-1(-) and rde-1(-) ), unc-8(e49) dpy-20(e1282) and dpy-17(e164) unc-32(e189), respectively, were used as markers to facilitate identification of cross progeny. Some crosses additionally required identification of cross progeny by genotyping of single worms, including those from Fig. 2a, 2d , e, and 3d, e. Animals from crosses with prg-1(+/-) males in Fig. 4a left, and in Fig. 4d or with T; prg-1(+/-) males in Fig. 4a right were also genotyped to identify T; prg-1(-/-) or prg-1(-/-) cross progeny, respectively. In crosses from Fig. 2d and Fig. 3e , cross progeny of the required genotype were identified by the absence or presence of pharyngeal mCherry or GFP 8 , respectively.
Generation and maintenance of Ti and T∆i strains. To make hermaphrodites with Ti linked to a dpy marker, AMJ581 hermaphrodites were mated with N2 males to generate cross progeny males that all show bright mCherry fluorescence from oxSi487. These males were then mated with N2 hermaphrodites to give cross progeny (F1) with undetectable mCherry fluorescence. F1 animals were allowed to give progeny (F2) that are homozygous for oxSi487 as determined by the homozygosity of a linked dpy-2(e8) mutation. One such F2 animal was isolated to be propagated as the Ti strain (AMJ692).
To make males with Ti, dpy-17(e164) unc-32(e189) hermaphrodites were mated with EG6787 males to generate cross progeny (F1) hermaphrodites with undetectable mCherry fluorescence. These cross progeny were allowed to give progeny (F2) that are homozygous for oxSi487. Two such F2s were isolated to be propagated as two different Ti lines. One of these was designated as AMJ724 and used for further experiments. These strains maintained the silencing of oxSi487 and were heat-shocked to produce males. Genotypes of Ti strains were verified using PCR.
To make hermaphrodites with T∆i linked to a dpy marker, AMJ767 hermaphrodites were mated with N2 males to generate cross progeny males with bright mCherry fluorescence. These males were then mated with GE1708 hermaphrodites to give cross progeny (F1) with undetectable mCherry fluorescence. F1 animals were allowed to give descendants that are homozygous for T∆ as determined by genotyping for jamSi20. A homozygous descendant was isolated to be propagated as the T∆i strain (AMJ917). Genotypes of T∆i strains were verified using PCR.
Supplemental Discussion
Comparison of mating-induced silencing with related epigenetic phenomena
The hallmarks of mating-induced silencing are: (1) silencing is initiated upon inheritance only through the male sperm; (2) once initiated, silencing is stable for many generations; (3) transgenerational silencing is associated with a DNA-independent silencing signal that is made in every generation, can be inherited for one generation, and can silence homologous sequences; and (4) maternal exonic sequences can prevent initiation of silencing. While to our knowledge no other known phenomenon shares all of these hallmarks (Extended Data Table 1 ), phenomena that share some of these features are highlighted below and can inform future mechanistic studies.
Paramutation refers to meiotically heritable changes in gene expression transferred from one allele ("paramutagenic") to another allele ("paramutable") when they interact within a cell (reviewed in 19). In addition to similar heritability, both paramutation 20,24,37,38,43 and mating-induced silencing rely on small RNAs to spread silencing from one locus to another homologous locus. However, there are several aspects of paramutation that were found to be different from mating-induced silencing, when tested. First, a paramutagenic allele often requires associated repetitive sequences 21, 22, 23 . Second, how a paramutagenic allele first arises remains obscure 19 . Third, while some alleles are paramutable, others are not, for reasons that are unknown 20 . The reliability of initiating and also protecting from meiotically heritable silencing at a defined single-copy locus described in this study will be useful in discovering possible shared mechanisms that have remained unclear in the ~60 years since the original discovery of paramutation in maize 24 .
The unpredictable silencing that occurs at some single-copy reporter transgenes within the C.
elegans germline has been called RNA-induced epigenetic silencing or RNAe 1 . Some studies of epigenetic phenomena. For example, we ensured that every cross was performed with the transgene present in the hermaphrodite to avoid intiating mating-induced silencing in our studies examining silencing by dsRNA from neurons 8 . Such methodological considerations impelled by this study could impact conclusions drawn from previous studies of epigenetic silencing in C. elegans.
Possible impact on evolution
Our results reveal a mechanism that silences genes in descendants in response to ancestral mating.
The transgenerational stability of this gene silencing with the possibility of recovery of expression even after 170 generations (Fig. 4) suggests that this mechanism could be important on an evolutionary time scale. Genes subject to such silencing could survive selection against their expression and yet be expressed in descendants as a result of either environmental changes that alter epigenetic silencing or mutations in the silencing machinery (e.g. in hrde-1). This mechanism thus buffers detrimental genes from selective pressures akin to how chaperones buffer defective proteins from selective pressures 30 .
Many endogenous genes in C. elegans are silenced by HRDE-1 (ref. 1, 5, 27, 31), some of which could have been acquired when a male with the gene mated with a hermaphrodite without the gene. An interesting direction to explore next is to examine whether this mechanism facilitates adaptation.
. hrde-1(-) mutant males were mated with Ti hermaphrodites that remained silenced for 171 generations, and mCherry and GFP fluorescence was scored in heterozygous F1 cross progeny (hrde-1(-/+)), in F2 descendants that segregated different hrde-1 genotypes and in F3 descendants that were homozygous wild-type (hrde-1(+)) or mutant (hrde-1(-)) for hrde-1. Refer to Initiation requires PRG-1. oxSi487 (T in our study) introduced through the male parent showed silencing in cross progeny. Effect of introducing oxSi487 through the hermaphrodite parent on silencing in cross progeny or its hemizygous descendants was not tested.
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RNA-induced epigenetic gene activation (RNAa) 39, 40 Extragenic signal can be inherited from male to control gene expression in progeny. Inheritance of an active transgene from hermaphrodite affects expression of paternally inherited transgene.
Extragenic signals inherited from sperm promote expression.
Meiotic silencing by unpaired DNA
36
Silencing of DNA is epigenetic. DNA must be upaired during meiosis for silencing.
Epigenetic licensing of fem-1 (ref. 29) Maternal transcript of a gene is sufficient to enable expression of the paternal copy in the zygote. Repeated crossing was required for increased severity of silencing.
Genomic imprinting and parent of origin effects 33, 34, 41 Silencing occurs when a gene is inherited through a specific gamete. Expression is reset upon passage through the other gamete.
Paramutation in plants 24, 37 , flies 20, 43 , or mice 38 Silencing is transgenerational. Silenced allele inherited through either gamete can silence homologous sequences.
Silencing cannot be predictably initiated. When a silenced allele induces meiotically heritable silencing of another allele, this allele also becomes a silencing allele.
Transposon silencing in flies 42, 43 Inherited piRNAs silence a paternally inherited gene. Maternal transcript does not prevent gene silencing.
Transvection in flies 44
Interaction between alleles on homologous chromosomes can result in changed expression. Changes in gene expression are not heritable.
Licensing by DNA sequences 4 Not all transgenes are susceptible to germline silencing. Initiation of silencing is independent of mating.
Phenomenon
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